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ABSTRACT

General purpose engines are required to keep the engine speed constant, and are therefore equi pped with governor mechanisms. However,
the engines are applied to various applications, and the dynamic characteristics of the controlled engine changes according to different
operating conditions. So it is necessary for a conventional mechanical governor to change the spring rate and tune theidle speed; similarly,
gains must be tuned in electronic governors using PID control. To enhance robustness, an adaptive control system that uses a self-tuning
regulator has been constructed. Applying elliptical gearsto the mechanism for driving the throttle valve, it was possible to realize both high
resolution near the closed position and a reduction in operating time of the throttle valve.

1. Introduction

In automobiles and on motorcycles, people estimate conditions
using the speedometer and their five senses and then use the throttle
(accelerator pedd) for control. In comparison, productswith general
purpose engines, most notably the small single cylinder engines
(in generators, lawn mowers, tillers, snow throwers, water pumps,
etc.) have amechanism that automatically adjust the throttle opening
of the carburetor, either because it is not possible for a person to
respond fast enough to sudden load changes or for unattended
operation. This is a mechanism for keeping the engine speed
constant. Many products use mechanical feedback control which
applies James Weatt's centrifugal force governor mechanism® such
as the one shown in Fig. 1. This mechanism detects changes in
engine speed using the centrifugal force of a counterweight, and a
linkage adjusts the throttle opening of the carburetor. The throttle
opening becomes steady at wherethe centrifugal force and governor
spring are balanced. However, there is mechanically a difference
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in engine speed between idle and when aload is applied.

In recent years, use of inexpensive high performance
microprocessors has enabled the introduction of governorsthat are
electronic (hereinafter; electronic governors) as generators, instead
of mechanical governor mechanisms. The electronic governors
drive the throttle valve shaft using a motor and converge engine
speed to atarget value by PID control, etc. However, as agovernor
for general purpose engines where dynamic characteristics of the
controlled object change, due to the fact that the engines are used
for several different applications, and the environmental use
conditions such as temperature and pressure change, it is not
sufficiently robust and gain adjustments adapted to changes in
dynamic characteristics are required. In the present research, an
electronic robust governor using an adaptive control theory has
been devel oped, which has used Self-tuning Regulator control@- @
(hereinafter, STR control) for changes to dynamic characteristics
of the controlled object in order to control the engine speed of the
small-single cylinder engines.
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Fig. 1 Centrifugal type governor

2. Implementation of STR Control

2.1. Engine Modeling

Figure 2 showsasimplified enginemodel wherethrottle opening
is used as an input. Considering the block diagram of a general
purpose base engine that uses a carburetor, mass air flow G, and
mass fuel flow G, are determined by the throttle opening 6, and
engine speed NE when the air fuel ratio isfixed. A mean effective
pressure P, generated by combustion of the intake mixture is
converted to engine speed by the crank linkage system. The engine
load characteristics, connected to this crank linkage system of
general purpose engines, differ with the engine application (for
generators, lawn mowers, tillers, snow throwers, water pumps, etc.).
Even when the engine is used on the same application, the load
characteristics differ with the moment of inertia of the attachment.
In order to control an electronic governor, the throttle opening angle
0, is selected as the input and engine speed NE selected as the
output, with the area surrounded by dashed linesisused asasingle
block model for the controlled object.
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Fig. 2 Block diagram of engine model

A step response of the engine speed relative to step input of the
throttle valve is shown in Fig. 3. With the premise of performing
adaptation control using the ARX (Auto-Regressive Exogenous)
model®, a minimum square model (Equation 1), with throttle
opening 6, as the input  and engine speed NE as the output y,
modeling was performed while focusing on the order and lag-type.

A(g™)y(k) = g 'B(g )u(k)+w(k) ()
Alg™) = L+ag ™+ -~ +a,q” @)
B(q™") = bg+b,g ™+ - +b,q™" (©)

a;~a,by;+b ~—:Model parameters
w(k) : White noise

In Eq. (1), with the target engine speed defined asy, the output
error is calculated using the following equation.

e,(k) = y,(k)-y(k) (4)

The control object isautomatically adjusting the throttle opening
u, theinput, allowing the engine speed y, the output of the controlled
object, to become equivalent to the target engine speed y . Here,
the load fluctuation is a primary unknown parameter. In addition,
the whole parameters of the engine combustion model, including
the load, are estimated as the unknown parameter by sequential
calculation.

2.2. Controller Design

With the introduction of the Diophantine equation® and
configuring Eq. (1) in the following manner, variance of the output
error can be minimized, enabling achievement of the control object.

u(k) = bi [ a7 g} o)
Her e,

0" =[bb,, hy-h, ] (6)

& (k) = [ulk=2)--u(k=m), y(k)--y(k-n+1)] 7

However, in the actual system, as the parameter is unknown,
sequential estimation is performed using parameter estimation law
below.
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Fig. 3 Step response
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0 (k) = 0 (k-1)-T1 (k-1) & (k-1) &,(k) 8
(k) = )le) M(k-1)
1 [?»z(k)ﬂ(k—l)é (k=D (=DI(k-1)| (9
(R Ay(k)+ An(k)ET (k=2) TN(k-2) E (k-1)
Here,
0" =[b,, 8] (10)
&' () = [utr), £W] (an

Here 0<A (k)<1, O<A,(k)<A(K), TI(0)=TT"(0)>0

If the unknown parameter convergesto thetrue value, the system
becomes the minimum variance control using the configuration of
Eq. (5). Therefore, arobust controller for ageneral purpose engine
speed governor with respect to dynamic characteristic fluctuations
can be attained.

3. Mechanism Characteristics

An outline form of the electronic governor mechanism installed
on iGX4409 is shown in Fig. 4.

The following items were considered in tandem with the
application of an electronic governor to a general purpose engine
that is used in several applications and various environments.
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Fig. 4 Carburetor assembly

Table 1 Characteristics of actuator
Stepping motor DC motor Solenoid
Control method Open loop Feedback Feedback

Position control| Number of pulse ~ |Feedback by position|Feedback by position

sensor sensor
Speed control Pulse rate PWM control Current control
Power supply | Constant voltage PWM control Current control

Life Bearing life (long life)| Brush life (short life) |Bearing life (long life)

» Feasibility of operating without a battery.

* Reducing sensors to a minimum to help achieve reliable

durability.

» Useof asimpledrive circuit enabling use of acompact ECU.

Stepper motors, DC motors, and solenoids were considered as
the actuator for the throttle drive. Table 1 shows characteristics
for each of these actuator types. Accordingly, in order to have stop
position control without requiring sensors, asimple drive circuit,
and long life, astepper motor was selected asthe actuator for driving
the general purpose engine throttle.

However, due to all the various characteristics required of a
general purpose engine, just applying a stepper motor isinsufficient
and the following technical methods have additionally been applied.

» Non-linear reduction to satisfy required characteristics of the

throttle

» Compact layout for integral construction ECU and carburetor

» Cogt and size minimization of electronicsin order to maintain

weather and dust resistance

Details concerning these three points are described below.

3.1. Non-linear Reduction Mechanism

The relationship between throttle opening 6, and mass air flow
G, controlled by a butterfly throttle valve is shown in Fig. 5.
Independent of the engine speed, within the limits of 6, <
30 degrees, the amount of fluctuation of G, with respect to the
throttle opening is sensitive; therefore, in order to stabilize engine
speeds when in idle and slight throttle opening states, control
resolution must be fine.
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Fig. 5 Mass air flow rate

—60-—



Governor System for General Purpose Engine Using Adaptive Control Theory

A Permanent Magnet type stepper motor (hereinafter; PM type
stepper motor) has been selected for use in this mechanism as the
actuator to control the throttle valve. The angle control capability
of aPM type stepper motor is determined by the pitch of the rotor
magnet and pole stator and there are physical limits with the
enhancing resolution of the motor itself. Therefore, enhancement
of resolution is generally provided by gear reduction. If the
reduction gear train isformed using normal gears and resolutionis
set fine to meet dight opening requirement characteristics, throttle
opening and closing speed is reduced due to the stepper motor
characteristics involved.

General purpose engines frequently have 0% to 100% and 100%
to 0% sudden load fluctuations. In order to enhance the ability to
minimize engine speed fluctuations during load fluctuations, it is
necessary to increase the throttle opening and closing speed.

Increasing the speed of input pulsesis a method for increasing
motor speed; however, as shown in Fig. 6, torque generated by the
motor is reduced, leading to areduction in surplus torque relative
to that required to drive the throttle, which isitself acause for loss
of synchronization. On the other hand, if resolution is set loosely,
matching the requirements of alarge throttle opening, resolution
at dight opening isinsufficient and can cause hunting.

In order to allow for these conflicting requirements, elliptical
gears” have been utilized. Figure 7 shows a linkage that uses
elliptical gears.

With 6 , 6, asthe centers of the ellipses, and respective focus
F ,F' ,F ,andF’, of gears of the same shape with long diameter

m’ h’

2a, and short diameter 2» and with F, and F, as rotational axes,

AF.|= 0. |A,,,F,h|= p,and 6 , 6, astherotation angles.
- r
Pr= e cos6,, (12)
- r
Pu=71"¢ coso,, (13)
P+ P, =2a (14)
2 2 2
However, 7 =b—, g Na=b
a a
3
@
o
gT
Q
=}
o
S
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o
=
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Fig. 6 Characteristics of motor torque

Therefore,

(1+ e cosb,)-(2a-r)-r }
(15

0,= cosl{

[2a-(1+£ cosh,)-r]-€

The relationship of 6, and 6, with e = 0.25, 0.425, and 0.65 is
shownin Fig. 8.

When the elliptical gear 6, rotates through a differential angle

d_, 0, rotates through an angle d6,. This leads to the following

qm

relationship becoming equal.

pm'dem = prh d erh (16)
de, dae, .
However, as =w,, and ——=m,, rewriting of Eq. (16)
dt dt
becomes
pm
W, =5, On a7

With wm operating at uniform speed it can be seen that when
p,<p, o >0, adifp >p o <a,Inother wordswithO
asthedrive gear and Otk as the driven gear (throttle drive), with
the gears set in full closed position as shown in Fig. 7, the amount
of change of 6, with respect to 6, near where the throttle is fully
closed isinsensitive; however, the amount of change of 6, with
respect to 6, near wide open throttle is more sensitive. This

characteristic is determined by the eccentricity ¢ of the éllipse. The
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Pitch curve

L,(=2a)

Fig. 7 Elliptical gear train
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Fig. 8 Characteristics of angle with difference in
elliptical gear eccentricity
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relationship of dg,/d6 with e = 0.25, 0.425, and 0.65 is shownin
Fig. 9. It can be seen that increasing the value of ¢ leads to an
enhancement in resolution for low throttle valve openings.

The calculation of resolution with respect to the throttle opening
with ¢ at maximum permissible with a given layout is shown in
Fig. 10. By using anon-linear resolution mechanism such asthis,
alinear relationship between motor step pulse and mass air flow
G, such as shown in Fig. 11 is achieved. If the non-linear
relationship is corrected mechanically, linearization processing
using the control system is no longer needed.

Driven gear angle 6, (deg)

Fig. 9 Characteristics of angular velocity with
difference in elliptical gear eccentricity
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Fig. 10 Characteristics of angular resolution
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Fig. 11 Relationship between motor step and mass
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A comparison of a normal gear reduction with minimum
resol ution equival ent to the resolution curve shown in Fig. 10 and
the number of steps needed from where the throttleis fully closed
to it becomes wide open is shown in Fig. 12. The number of steps
used for an dlliptical gear mechanism is 35% less than the number
used for anormal gear.

In conjunction with use of an elliptical gear mechanism, the
relationship between throttle drive torque requirements and actual
throttle drive torqueis shown in Fig. 13. Because the throttle drive
torque is inversely proportional to resolution, elliptical gear
mechanism throttle drive torqueis large when the throttleis closed
and becomes smaller when the throttleiswide open. Throttle torque
was designed to be at least 1.5 times that of maximum throttle
drive torque requirements. During sudden accelerations or
decelerations, where the throttle suddenly moves from being wide
open to one where it becomes all the way closed, alarger than
normal negative pressure is applied to the throttle valve causing
resistance to the movement of the throttle shaft. The fact that
maximum torque of this mechanism is generated where the throttle
valveis closed contributes to increased toughness with respect to
the resistance of the throttle shaft movement.

3.2. Compact Layout

Asageneral purpose engine, it is necessary to position the ECU
and electronics for the throttle control mechanism, etc. so asnot to
increase overall dimensions. The motor and gear case combination
isplaced on top of the carburetor and the motor and reduction gears
are placed inside the silhouette of the carburetor. Through
centralizing the placement of large components on the circuit board
inthe ECU on the motor case, compared to the conventional method
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Fig. 12 Relationship between throttle opening angle
and motor step
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Fig. 13 Characteristics of throttle torque
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of molding an ECU in auniform depth case, the overall height has
been reduced by 16 mm.

Furthermore, as the connector that connects the ECU and motor
is placed in the same case, this contributes to a reduced connector
size, enabling a simplification of the wiring, and contributing to a
compact layout.

3.3. Water and Dust Resistance

As shown in Fig. 4, sealing is provided by an O-ring that is
placed between the aluminum motor case and the carburetor and
by agrommet between the ECU and motor case, making the motor
case and ECU air tight. As electronics are placed inside of these
units, water resistance and dust resi stance thus become unneeded
for individual electronic parts, enabling a reduction in size and
cost.

4. Installation in Equipment Results

With atest engine GXV 160 (Table 2) installed in alawn mower,
Fig. 14 shows results comparing governor characteristics between
its use in a conventional mechanical governor and in an adaptive
control type electronic governor. The conventional mechanical
governor has steady state error, where the engine speed fluctuates
depending on the load. With respect to this point, when using an
adaptive control type electronic governor, it can be seen that engine
speed is uniform, independent of the load.

In addition, a test engine GX160 (Table 2) installed on a
cylindrical power generator was equipped with an elliptical gear
asshownin Fig. 10, and with anormal circular gear, and their idle
stability were compared. For this comparison, the same STR control
forming an electronic governor was used, the electric load was set
to no load and the target engine speed set to 1 400 rpm. Results for
the use of the elliptical gear mechanism are shown in Fig. 15 and
results where the normal circular gear was used are shown in
Fig. 16. Through the use of the elliptical gear mechanism, as
compared to the use of anormal circular gear mechanism, idle
stability has been enhanced.

AniGX440 engine that uses an adaptive control type electronic
governor system isshown in Fig. 17. With thisengineinstalled on
acylindrical power generator, output power characteristicsrelative
to different engine speeds are shown in Fig. 18. The convergence
capability of engine speed fluctuations during rated load intermittent

35
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& 20 ¥y ‘,’?:
2 ‘e \
S 15| / %’: STR control
g Mechanical ‘2
> echanica
S 10} %
05 | s
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1500 2000 2500 3000 3500 4000

Engine speed (rpm)

Fig. 14 Dynamic characteristic of governor
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Table 2 Test engine specifications

Model GX160 GXV160
Air-cooled, Air-cooled,
Tvpe 4-stroke, 4-stroke,
yp single-cylinder | single-cylinder
gasoline (OHV) | gasoline (OHV)
Displacement (cm3) 163 163
Dimensions L x W x H (mm) | 304 x 362 x 335|415 x 359 x 354
Dry weight (kg) 15 14.6
Bore x Stroke (mm) 68 x 45 68 x 45
Max. power (KW / rpm) 4.1/3600 4.1/3600
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1600
5 1500&
o
3 WWNW‘W """N1
2 1300
2 1200 \ _
L% 1100 Normal gear Target engine speed

1000 L L L L

0 1 2 3 4 5
Time (sec)
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Fig. 17 External view of iGX440
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operation (from 100% to 0% and 0% to 100%) is shown in
Fig. 19.

Asshown in Fig. 18, engine speed fluctuation from idle to that
of awide open throttle for an arbitrary engine speed setting was
held to within 2%, demonstrating that the strength of an electronic
governor, high engine speed stability, was obtained. In addition,
as shown in Fig. 19, engine speed fluctuations relative to the set
speed during rated load intermittent operation show a favorable
convergence capability of 8%, which iswithin the original goal of
10%. Both stability of engine speed for no loads and convergence
of engine speed during load fluctuations have been achieved.

Furthermore, an adaptive control type electronic governor was
installed in commercialized products (lawn mowers, snow throwers,
pressure washers, etc.) to perform practical durability testing for
confirmation. Tuning was not required for the individual products
where favorable operation characteristics were obtained from the
beginning through to the end of the durability testing verifying the
validity of this system.
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Fig. 18 Static performance of governor
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Fig. 19 Dynamic performance of governor
(Target engine speed = 3000rpm)

5. Conclusion

Through applying adaptive control and a non-linear gear
mechanism to the governor of a general purpose engine, the
following features have been achieved.

(1) A robust governor relative to fluctuations of dynamic
characteristic of the engine, the controlled object, has been
developed, alowing usein ageneral purpose engine, for which
applications are unlimited.

(2) The realization of both a high resolution near the closed
position and areduction in operating time of the throttle valve
made it possible to control the engine from idle condition to
sudden load change condition.

(3) Through linearization of the relationship between motor step
and mass air flow, linearization of the input signal in control
calculations becomes unnecessary, leading to a simplified
control system.
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